Objective: The precise penetrance of pheochromocytoma (PHEO) in multiple endocrine neoplasia type 2 (MEN2) has not been reported in a large cohort. In this study, we aimed to clarify the codon-specific penetrance of PHEO in MEN2. Design: We established a study group designated the 'MEN Consortium of Japan' in 2008 and asked physicians and surgeons to provide clinical and genetic information on patients they had treated up to 2011. Methods: Data were collected on patients identified as carriers of the RET mutation or diagnosed with medullary thyroid carcinoma (MTC) and/or PHEO with family history from 52 institutions all over Japan. Results: Of 493 registered MEN2 patients, RET mutation data were available for 390. Of these, 144 developed PHEOs, while 246 did not. The penetrance of PHEO was 25% by age 30 years, 52% by age 50 years, and 88% by age 77 years in RET mutation carriers with a codon 634 mutation. All patients with a codon 918 mutation (MEN2B) developed PHEO by age 56 years. Less than 32% penetrance of PHEO was seen in patients with mutations at codons other than 634 and 918. Conclusions: Most patients with a codon 634 mutation develop PHEOs as well as MTC during their lifetime.
Introduction
Multiple endocrine neoplasia type 2 (MEN2) is an autosomal dominantly inherited endocrine tumor syndrome characterized by tumor development in various endocrine organs such as the thyroid, adrenal medulla, and parathyroid (1) . It is commonly accepted that w50% of patients with MEN2 develop pheochromocytoma (PHEO) during their lifetime (2, 3) . Before the development of genetic screening, diagnosis of MEN2 was mainly clinical. As the advent of RET mutation diagnosis, genotype-phenotype relationships have affected clinical management (4, 5) . Specific agerelated neoplastic risk profiles and penetrance estimations of PHEO have been reported in MEN2A caused by germ line RET mutations in C634W, C634Y/Y791F, and C609S (6, 7, 8) . Precise codon-specific development of PHEO has been reported, although no figures on penetrance were provided (9) . Analysis of organ-specific penetrance demonstrated that PHEO penetrance occurred in the majority of cases with mutations at codon 634 and 918, but in only a minority of cases with mutations at codons 618 and 620, and was rarely associated with other mutations (5) . However, detailed figures for penetrance at each codon were not provided.
To date, reports concerning MEN2 PHEO have mainly originated from Europe and the United States, and the guidelines and consensus statements have been based on those studies (4, 5, 9, 10) . Some reported a founder effect in the particular country (11) . We established a study group designated the 'MEN Consortium of Japan' in 2008 (12) and started constructing a database of Japanese patients with MEN, asking physicians and surgeons to provide clinical and genetic information on patients they had treated up to 2011. RET mutation data were available in 390 MEN2 patients, 144 of whom developed PHEO, while 246 did not. Herein, we report the characteristics of Japanese MEN2 PHEO patients and the current status of their clinical management, with particular emphasis on data elucidating the penetrance of PHEO at each codon, and we report high penetrance of PHEO resulting from the RET 634 mutation in Japanese patients. Although the specific effects of different amino acid substitutions at codon 634 differed between Japanese and European/American cohorts, the overall penetrance of PHEO was very similar.
Materials and methods

Patients
The MEN Consortium of Japan began as a private study group not regulated by any academic society. In 2008, physicians and surgeons from 15 institutions joined the Consortium and the number of members had reached 27 by May, 2011. The detailed methods used to collect the data have been reported elsewhere (12) . Briefly, we prepared a registration form to record patient data, with the required data including gender, birth date, family history, proband or not, the dates when each lesion was detected, medical and surgical management of all lesions and their outcome, and both pathological and genetic information. To facilitate registration of patients from institutions not belonging to the Consortium, we sent letters to 1376 members of the Japan Association of Endocrine Surgeons, Japanese Society of Thyroid Surgery, and board of representatives of the Japan Endocrine Society, asking these physicians to report the number of patients with MEN2 in their experience (initial surveillance). When a reply was received, we sent the aforementioned questionnaire asking for detailed information on patients (secondary surveillance). With particular regard to MEN2 PHEO, the following specific questions were included: i) was there a positive diagnosis of PHEO? If yes, age at diagnosis. 
Clinical data
Because of the retrospective design, the diagnostic criteria for MEN2 may have varied between hospitals. At least one of the following criteria had to be present for inclusion in the registry:
† Combination of medullary thyroid carcinoma (MTC) and PHEO. † Evidence of one lesion of MTC or PHEO with a family history of MEN2. † Identification of pathological germ line mutation in the RET gene.
The selected patients' data were deposited into the database. Possible inconsistencies and missing data were validated and corrected if appropriate. To avoid duplicate registration of a single patient, those with the same sex and birth date were reviewed to determine whether such reports were for the same patient. In total, 52 institutions provided the eligible data on MEN2 patients.
The screening examinations depended on the institutions where the patients were assessed, but determination of the absence of PHEO was based on measurements of urinary metanephrine and normetanephrine per mg creatinine levels as a minimum (13) . To calculate the penetrance of PHEO in MEN2, the index cases for each family were excluded from the calculation.
Statistical analyses
We estimated age-dependent penetrance for PHEO by the Kaplan-Meier method using JMP ver. 9. Differences in the occurrence of PHEO were calculated by generalized Wilcoxon c 2 statistics across groups. P!0.05 was considered significant.
Results
Patient demographics
As of May 2011, of 493 registered MEN2 patients, RET mutation data were available for 390, and 212 of the 493 had PHEOs. The cohort consisted of 85 men and 127 women belonging to 160 kindreds. The occurrence of PHEO was bilateral in 117 patients and unilateral in 73 patients. Open abdominal adrenalectomy was performed in 52 patients, open retroperitoneal adrenalectomy in 34, and laparoscopic adrenalectomy in 48. Pathological diagnosis confirmed PHEO in all patients, and two cases (1%) were metastatic and diagnosed as malignant PHEO. These demographic features are shown in Table 1 . The median age at diagnosis of PHEO was 39 years old, with major peaks in the 20s and 40s. PHEO diagnosis was made after the diagnosis of MTC in 71 patients (34%), simultaneously in 102 patients (49%), and before the diagnosis of MTC in 37 patients (17%).
Adrenal surgery was performed on 181 of the 212 patients (88%). There was no information regarding whether surgery was performed or not in six patients, while the other four patients underwent adrenalectomy but the detailed procedures were not reported. Adrenalectomy was unilateral in 73 patients and bilateral in 104 (one stage in 71 and two stage in 33). Seventeen of the 181 patients underwent cortical sparing adrenalectomy. Surgery has not been indicated so far in 25 patients, in whom PHEO sizes remained small with most tumors being less than 2 cm without any symptoms.
Mortality was 12% (25 of 212) among MEN2 PHEO patients, and the causes of death were classified into three categories: MTC, PHEO, or other causes (Table 1) . Of these categories, six patients died from PHEO (proband: 1; RET mutation carriers: 4; unknown: 1), and death from PHEO was associated with the youngest median age of death (39 years old). No deaths occurred due to Addisonian crisis after bilateral total adrenalectomy.
Codon-specific occurrence of PHEO
The distribution of mutated RET codons in 390 patients with MEN2 is shown in Table 2 . Codon 634 mutation accounted for 76% of the patients. The earliest adrenalectomies for PHEO were performed at 15 years of age in patients with codon 634 or 918 mutations and 16 years in patients with codon 620 mutation. The average age at diagnosis was 30.3 years for those with mutations at codon 918, 39.8 years for codon 634, and 44.1 years for other codons. Those with codon 634 or 918 mutations had a higher risk of developing PHEO (more than 60%), whereas those with other mutations had a lower risk (up to 17%), in accordance with the American Thyroid Association (ATA) risk level (Table 2 ) (5).
Penetrance
To calculate the penetrance of PHEO in MEN2, the age at diagnosis when PHEO was detected, or the latest age at which PHEO was not detected, was determined for each RET mutation carrier. Excluding the probands, 246 RET mutation carriers were eligible, of whom 74 had PHEO and 172 did not. Age-dependent penetrance of PHEO in all RET mutation carriers was 32% by age 50 and 50% by age 76 (Fig. 1) . PHEO penetrance for codon 634 mutation was 25% by age 30 years, 52% by age 50 years, and 88% by age 77 years. Age-dependent penetrance for mutations at other codons was 25% by age 50 years for codon 611, 24% by age 52 years for codon 620, 12.5% by age 54 years for codon 768, and 12% by age 45 years for codon 618. Most of the patients with codon 918 mutation were probands, and all these had developed PHEO by age 56 years.
Five different amino acid substitution mutations were identified at codon 634, which codes for cysteine. The number of patients carrying each mutation were: C634R: 39, C634Y: 33, C634F: 25, C634G: 11, and C634S: 4. Among these, C634R showed the highest penetrance (Fig. 2 ). There were statistically significant differences between C634R and C634G/C634F (P!0.01), but not between C634R and C634Y/C634S.
Discussion
The penetrance of PHEO due to codon 634 mutation was 25% by age 30 years and increased steadily with age up to 88% by age 77 years in RET mutation carriers residing in Japan (Fig. 1) . Codon 611, 618, 620, and 768 mutations showed lower penetrance (below 32%) for PHEO compared with codon 634 mutation, which is in accordance with the ATA risk level (5) . The penetrance of MTC is considered to be almost 100% in patients with MEN2; however, that of PHEO has not been reported in a large cohort. Our results indicate that lifelong close follow-up for development of PHEO is necessary especially in patients with a codon 634 mutation. C634R was the most common mutation at codon 634 in this study, in accordance with previously reported data (14, 15) . High penetrance of PHEO was reported in 92 carriers with a C634W mutation from Europe and America: 20% by age 30 years and 67% by age 50 years, reaching 92% by age 70 years (6). We did not find any patient with a C634W mutation in Japanese MEN2A, but the penetrance of PHEO at codon 634 in Japan was very similar to that of the C634W mutation in Europe and America.
Codon-specific, age-dependent penetrance for PHEO was 25% by age 50 years at codon 611, 24% by age 52 years at codon 620, 12.5% by age 54 years at codon 768, and 12% by age 45 years at codon 618. Higher penetrance was reported for those mutations located in exon 10 (codon 609, 611, 618, and 620) from Europe and America (16) . No PHEO developed after the age of 54 years in Japanese patients with mutations located in exon 10 or codon 768. On the other hand, penetrance of PHEO increased to O60% by age 70 years in patients from 15 countries in Europe and America with codon 609, 611, 618, and 620 mutations (16) . Overall penetrance and occurrence were very similar between Japan and Europe/America, but the individual figures showed racial and geographic differences between the populations.
MEN2 patients have the potential to develop bilateral adrenal PHEO, and surgical management remains controversial. Prophylactic total adrenalectomy is never performed because it commits the patient to lifelong steroid hormone replacement and the risk of a life-threatening Addisonian crisis. Partial adrenalectomy, so-called 'cortical sparing adrenalectomy,' has been proposed for the treatment of bilateral adrenal PHEO while maintaining adrenocortical function (17) . However, the long-term outcomes of partial adrenalectomy in patients with MEN2 are not yet established (18) . Only 17 of the 181 surgical patients in our series underwent cortical-sparing adrenalectomy.
MTC was previously the major cause of death in patients with MEN2; however, early thyroidectomy has lowered mortality from hereditary MTC (5). It is also probable that improved management of PHEO has reduced the rate of premature mortality in patients with MEN2. The median age of death among patients in this study who died of PHEO was 39 years old. Proper screening and management of PHEO promises to extend the life expectancy of MEN2 patients.
In the literature, over a mean follow-up period of 14 years (range 1-26 years), nine (32%) of 28 patients who underwent bilateral adrenalectomy had a total of 19 Addisonian crises that necessitated admission to hospital, and one patient died of an unrecognized Addisonian crisis (19) . In our series, adrenalectomy was unilateral in 73 patients and bilateral in 104 (one stage in 71 and two stage in 33). There were no reports of death from Addisonian crisis in the 104 patients, although most of the patients underwent bilateral total adrenalectomy. However, in a few cases, the description of the cause of death was inadequate, and it is possible that we may have missed some mortality due to an Addisonian crisis.
Collection and analysis of clinical information makes it possible to understand the clinical features of rare diseases and to standardize their medical management. In this regard, our database is a potentially powerful tool for improving the future management of MEN2 in Japanese patients. Although we are currently collecting only descriptive information, adding other data such as details of symptoms, imaging studies, and biochemical assays will further enhance the value of the database.
Conclusions
Most patients with a codon 634 mutation develop PHEOs as well as MTC during their lifetime.
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